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The diffractive electro- or photo-production of two mesons separated by a large rapidity gap gives
access to generalized parton distributions (GPDs) in a very specific way. First, these reactions
allow to easily access the chiral-odd transversity quark GPDs by selecting one of the produced
vector mesons to be transversely polarized. Second, they are only sensitive to the so-called ERBL
region where GPDs are not much constrained by forward quark distributions. Third, the skewness
parameter ξ is not related to the Bjorken xBj variable, but to the size of the rapidity gap. We
analyze different channels (ρ0L ρL/T , ρ
0
L ωL/T and ρ
0
L pi production) on nucleon and deuteron targets.
The analysis is performed in the kinematical domain where a large momentum transfer from the
photon to the diffractively produced vector meson introduces a hard scale (the virtuality of the
exchanged hard Pomeron). This enables the description of the hadronic part of the process in the
framework of collinear factorization of GPDs. We show that the unpolarized cross sections depend
very much on the parameterizations of both chiral-even and chiral-odd quark distributions of the
nucleon, as well as on the shape of the meson distribution amplitudes. The rates are shown to be
in the range of the capacities of a future electron-ion collider.
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2I. INTRODUCTION
Diffractive events are known to constitute a large part of the cross section in high-energy scattering. Their under-
standing in the framework of quantum chromodynamics (QCD) is based on the concept of Pomeron exchange between
two subprocesses; in the Regge inspired kT−factorization approach valid at high energy and at the leading order,
the scattering amplitude is written in terms of two impact factors with at least two reggeized gluon exchange in the
t−channel.
Provided on the one hand that a hard scale allows the use of perturbative QCD, and on the other hand that the
kinematical regimes are in the so-called generalized Bjorken region [1], the impact factors can be calculated in the
collinear factorization framework, with a perturbatively calculable coefficient function convoluted with distribution
amplitudes (DAs) and generalized parton distributions (GPDs) encoding their long distance parts.
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FIG. 1. The diffractive process e + h → e′ + ρ0L + M2 + h′ amplitude in the hybrid factorization approach. H represents the
hard part of the scattering, J the photon impact factor and the GPD [DA] vertices represent the nucleon [meson] quark-quark
hadron correlators that are appropriately parameterized. See Sec. II A for the definition of the kinematic invariants s, s1, s2, t.
This hybrid factorization picture has been shown to be valid, at least to the leading order, in the pioneering study
[2] where the exclusive process
e+N → e′ + ρ0L + ρ+ +N ′ , (1)
has been studied in the kinematical regime where the two ρ mesons are separated by a large rapidity gap and the hard
scale is the virtuality of the hard Pomeron, see Fig.1. This hard scale ensures the small-sized configuration in the
top part of the diagram (J) and the separation of short-distance (H) and long-distance (GPD, DA) dynamics in the
bottom part of Fig. 1. In Ref.[3], this same reaction has been discussed with a particular emphasis on its sensitivity
to the elusive transversity chiral-odd GPDs [4]. For this purpose, a model for one transversity GPD (HT (x, ξ, t)) was
developed.
More than one decade later, these transversity quark distributions are less mysterious although still largely unde-
termined [5–11], mostly because of their absence in leading twist amplitudes for simple processes [12, 13]. Moreover,
there is the vigorous rise of international interest for the electron-ion collider (EIC) project [14, 15] at Brookhaven
National Laboratory. The EIC, equipped with suitable forward detectors, opens new opportunities to measure these
electroproduction cross sections at energies high enough to justify the formalism we will sketch in Section II B. In the
further future, other electron-ion colliders such as the Large Hadron electron Collider (LHeC) [16] or the Electron-
ion collider in China (EicC) project [17] may offer additional possibilities. It is thus deemed appropriate to revisit
and enlarge the phenomenology of two-meson electroproduction in the hard diffractive regime, adding the coherent
deuteron target case which has recently attracted much attention together with other light nucleus studies [18, 19].
3This is the goal of this study, where we shall focus on the following reactions 1:
e+N → e′ + ρ0L + ρ0L +N ′ , e+N → e′ + ρ0L + ρ0T +N ′ ,
e+N → e′ + ρ0L + ωL +N ′ , e+N → e′ + ρ0L + ωT +N ′ , (2)
e+N → e′ + ρ0L + pi0 +N ′ ,
on a nucleon target, and
e+D → e′ + ρ0L + ωL +D′ , e+D → e′ + ρ0L + ωT +D′ , (3)
on a deuteron target in coherent reactions. Here, the subscripts L/T refer to the longitudinal or transverse polarization
of the vector mesons.
Let us now summarize the characteristic features of these reactions in the chosen kinematical domain and in the
leading order approximation used to calculate their amplitudes [2, 3]:
• The cross sections are independent of the γ(∗)N or γ(∗)D squared invariant mass s, and their rates are quite
large in the high energy domain.
• Contrarily to the usual deeply virtual Compton scattering (DVCS) case, the skewness variable (see Eq. (7)) is
not related to Bjorken variable xBj but to the ratio z =
s1
s through the relation ξ ≈ z2−z . Here s1 and s are the
invariant squared masses of the final two-meson system, and photon-hadron system respectively; see Fig. 1 and
Eq. (9) below.
• The amplitudes depend on the so-called Efremov-Radyushkin-Brodsky-Lepage (ERBL) region of GPDs (−ξ <
x < ξ) where GPDs are particularly unrestricted, in particular because the positivity constraints [20] which
relates them to usual quark distributions do not apply.2
• The amplitudes do not depend on gluon GPDs, due to the C-parity of the meson (ρ0, ω) or isospin (ρ0, pi).
• The amplitudes for ρρ or ρω production depend on the charge conjugation odd GPDs.3 For the nucleon these
are the chiral-even GPDs
H−(x, ξ, t) = 12 [H(x, ξ, t) +H(−x, ξ, t)] , (4)
together with the corresponding E−(x, ξ, t) and the chiral-odd GPDs H−T (x, ξ, t), E
−
T (x, ξ, t), H˜
−
T (x, ξ, t), and
E˜−T (x, ξ, t). These charge conjugation odd GPDs do not have D−terms [24].
• The amplitudes for ρ pi production depend on the charge conjugation even GPDs
H˜+(x, ξ, t) = 12 [H˜(x, ξ, t) + H˜(−x, ξ, t)] (5)
and the corresponding E˜+(x, ξ, t) GPD.
• The isoscalar nature of the deuteron selects the ρω channel.
The paper is organized as follows. In Section II, we describe precisely the kinematics we are interested in and
recall the formalism used for calculating the scattering amplitude at high energy. In Section III, we review the
parameterizations of the various non-perturbative inputs needed to perform the cross section estimates, namely
the distribution amplitudes (DAs) of the produced mesons and the generalized parton distributions (GPDs) of the
nucleon and deuteron, the latter calculated in a convolution model. Section IV shows our predictions for the different
channels and discusses the interesting sensitivity of some observables to the yet poorly known GPDs. Section V gives
our conclusions and comments on the feasibility of the measurement of the discussed processes in the EIC project.
1 Everywhere in this paper, the first meson M1 in a pair M1M2 is diffractively produced while the second one M2 comes from the reaction
Ph→M2h′, as depicted in Fig.1. In a leading twist calculation, the first meson M1 cannot be a transversely polarized vector meson.
2 This property is also present in the diffractive DVCS reaction [21].
3 This property is also present in the diphoton electroproduction case [22, 23].
4II. FORMALISM
A. Kinematics
In our process
γ∗(q) + h(ph)→ ρ0L(qρ) +M2(pM2) + h′(p′h) , (6)
we decompose the four-vectors as follows. We introduce two light-like Sudakov vectors p and n such that p = 12 (ph+p
′
h)
at −t = (−t)min = 4ξ
2M2
1−ξ2 (with M the mass of h) and n = q when q
2 = 0; see Eq. (8). We also introduce the
auxiliary variable S = 2(pn), related to the total center-of-mass energy squared of the γ∗p−system, s = (q + ph)2, as
s+Q2 = (1 + ξ)S. The momentum transfer t to the target hadron and skewness ξ are
t = ∆2 [∆ ≡ p′h − ph] , ξ = −
(∆n)
2(pn)
. (7)
In the collinear approximation which is suitable for the calculation of the hard coefficient, the momenta are param-
eterized as follows (neglecting hadron masses and keeping −t = (−t)min):
qµ = nµ − Q
2
S p
µ ,
pµh = (1 + ξ)p
µ , (p′h)
µ = (1− ξ)pµ ,
qµρ = αn
µ +
q 2ρ
αS p
µ + qµρT , q
2
ρT = −q 2ρ [(n qρT ) = (p qρT ) = 0],
pµM2 = α¯n
µ +
q 2ρ
α¯S p
µ − qµρT , α¯ ≡ 1− α , (8)
where Q2 = −q2 is the photon virtuality. The large invariant squared mass of the two produced mesons is
s1 = (qρ + pM2)
2 ≈ q
2
ρ
αα¯
, (9)
and
s2 = (pM2 + p
′
h)
2 ≈ α¯1− ξ
1 + ξ
(s+Q2) (10)
is the squared energy of the Pomeron-nucleon reaction. The kinematical regime with a large rapidity gap between
the two mesons in the final state is obtained by demanding that s1 be very large, of the order of s, whereas s2 is kept
of the order of q2ρ, quite smaller than s1 but however large enough to justify the use of perturbation theory in the
collinear subprocess Ph→M2h′ and the application of the GPD framework.
In terms of the longitudinal fraction α the limit with a large rapidity gap corresponds to taking the limits
α→ 1 , α¯s1 → q 2ρ . (11)
The hard Pomeron virtuality (which as we remind provides the hard scale) in this limit corresponds to −q 2ρ . Skewness
ξ can be written in terms of the invariant mass s1 of the two mesons as
ξ ≈ s1 +Q
2
2s− s1 +Q2 ≈
s1
2s− s1 , (12)
which shows that at large energy, our process probes large values of ξ, for instance, ξ ≈ 0.5 (0.33) when s1 = 2s/3
(s1 = s/2).
5B. Summary of formalism
Let us recall the results of Ref. [2] for the scattering amplitudes. The amplitude for the production of two longitudinal
ρ0L mesons reads:
Mγ
(∗)
L/T
h→ρ0L ρ0L h′ = i16pi2sαs
fLρ√
2
ξ
CF
Nc (q 2ρ )
2
×
1∫
0
du φ‖(u)
u2u¯2
J
γ
(∗)
L/T
→ρ0L(uqρ, u¯qρ)
∫ 1
−1
dx δ(x− ξ(2u− 1))V u−dλ′λ (x, ξ, t) , (13)
with u¯ = 1− u, Nc = 3, CF = 4/3 and αs the strong coupling constant. For the longitudinal photon case, the impact
factor Jγ
∗
L→ρ0L is written (with z¯ = 1− z) as
Jγ
(∗)
L →ρ0L(k1,k2 = qρ − k1) = −fLρ
eαs2piQ
Nc
√
2
1∫
0
dz zz¯φ‖(z)P (k1,k2) , (14)
with 4
P (k1,k2 = qρ − k1) = 1
z2q 2ρ +m
2
q +Q
2zz¯
+
1
z¯2q 2ρ +m
2
q +Q
2zz¯
− 1
(k1 − zqρ )2 +m2q +Q2zz¯
− 1
(k1 − z¯qρ )2 +m2q +Q2zz¯
. (15)
In Eqs. (13) and (14), the longitudinally polarized ρ−meson distribution amplitude (DA) φ‖(z) and its normalization
decay constant fLρ are defined by the matrix element [25]
〈0|u¯(0)γµu(y)|ρ0L(qρ)〉 = qµρ
f0ρ√
2
1∫
0
dz e−iz(qρy)φ‖(z) . (16)
In Eq. (13), the leading twist quark-hadron correlator
V qλ′λ(x, ξ, t) =
∫ ∞
−∞
dκ
2pi
e2ix(pn)κ 〈h′(p′h, λ′)| q¯(−nκ)/nq(nκ) |h(ph, λ)〉 (17)
encodes the hadron long-distance structure through the chiral-even GPDs. Here λ (λ′) refers to the spin quantum
numbers of h (h′). In both Eqs. (16) and (17) and similar matrix elements below a Wilson line is implicit. At
−t = (−t)min, the matrix elements for the case of the nucleon are [26]
V qλ′λ(x, ξ, t) = δ(λ′,λ)
√
1− ξ2
[
Hq(x, ξ, t)− ξ
2
1− ξ2E
q(x, ξ, t)
]
. (18)
Equivalent deuteron expressions (ommitted here for length reasons) can be found in the appendix of Ref. [27].
For γ(∗) transversely polarized (ε being its polarization vector), Jγ
(∗)
T →ρ0L reads
Jγ
(∗)
T →ρ0L(k1,k2 = qρ − k1) = −
e αs pi f
L
ρ√
2Nc
1∫
0
dz (2z − 1)φ‖(z) [ε ·QP (k1,k2)] , (19)
with
QP (k1,k2 = qρ − k1) = z qρ
z2 q2ρ +Q
2 z z¯ +m2q
− z¯ qρ
z¯2 q2ρ +Q
2 z z¯ +m2q
(20)
+
k1 − z qρ
(k1 − z qρ)2 +Q2 z z¯ +m2q
− k1 − z¯ qρ
(k1 − z¯ qρ)2 +Q2 z z¯ +m2q
.
4 In all our estimates, we put the quark mass mq = 0. See however the discussion in subsection IV-C.
6The amplitude for the production of ρ0LωL is given by Eq. (13) with f
L
ρ → fLω and V u−dλ′λ → V u+dλ′λ . The amplitude
for the production of ρ0Lpi
0 is given by Eq. (13) with fLρ → fpi and V u−dλ′λ → A˜u−dλ′λ (x, ξ, t), where
A˜qλ′λ(x, ξ, t) =
∫ ∞
−∞
dκ
2pi
e2ix(pn)κ 〈h′(p′h, λ′)| q¯(−nκ)/nγ5q(nκ) |h(ph, λ)〉 (21)
is encoded through the leading twist axial GPDs. We have at −t = (−t)min for the nucleon [26]
A˜u−dλ′λ (x, ξ, t) = δ(λ′,λ)λ
√
1− ξ2
[
H˜u−d(x, ξ, t)− ξ
2
1− ξ2 E˜
u−d(x, ξ, t)
]
. (22)
For the equivalent deuteron expressions, we refer again to the appendix of Ref. [27].
In the case of the transversely polarized vector meson production, one obtains the amplitude [2]
Mγ
(∗)
L/T
h→ρ0L ρ0T h′ = − 16pi2sαs
fTρ√
2
ξ
CF
Nc (q 2ρ )
2
×
1∫
0
du φ⊥(u)
u2u¯2
J
γ
(∗)
L/T
→ρ0L(up, u¯p)
∫
dx δ(x− ξ(2u− 1)) [ρT · T u−dλ′λ (x, ξ, t)] , (23)
where ρT is the polarization three-vector of the produced transversely polarized vector meson and the transversity
leading twist quark-hadron correlator
T q iλ′λ =
∫ ∞
−∞
dκ
2pi
e2ix(pn)κ 〈h′(p′h, λ′)| q¯(−nκ)(nµσµi)q(nκ) |h(ph, λ)〉 (24)
is parameterized with the chiral-odd GPDs. At −t = (−t)min we have for the nucleon [4]
ρT · T u−dλ′λ (x, ξ, t) = δ(λ′,−λ) sin θ
√
1− ξ2
[
Hu−dT (x, ξ, t)−
ξ2
1− ξ2 (E
u−d
T − E˜u−dT )
]
, (25)
where θ is the angle between the transverse polarization vector of the target nucleon sT and ρT . Equivalent deuteron
expressions can be found in the appendix of Ref. [11]. The corresponding amplitude for the ρ0LωT case is given by
Eq. (23) with fTρ → fTω and T u−dλ′λ → Tu+dλ′λ . In Eq. (23), Jγ
(∗)
L/T
→ρ0L are the same impact factors defined in Eqs. (14)
and (19). The transversely polarized vector meson DA φ⊥(z) together with its normalization decay constant fT reads
[25]:
〈0 | u¯(0)σµνu(x) | ρT (pρ, ρT )〉 = i
fTρ√
2
(
µρT p
ν
ρ − pµρνρT
) 1∫
0
dze−iz(pρx) φ⊥(z) . (26)
We shall show below the results for the θ-averaged cross section5 i.e. for the unpolarized target case. The sin θ-
modulation of the amplitude could of course be confirmed experimentally in an experiment with a transversely
polarized target and data binned differential in a θ-dependent variable, but this is beyond the scope of this study.
The differential virtual photon cross section of Eq. (6) at −t = (−t)min has the following form [3]
dσ
dq2ρd|t|dξ
=
1
256pi3ξ(1 + ξ)s2
∑
spins
|M|2 , (27)
where we integrated over azimuthal angles of the ρ0 and h′, and
∑
spins denotes averaging and summing over the rele-
vant spin degrees (h, h′, M2); in this work we consider the completely unpolarized hadron (h, h′) case but longitudinal
and transverse polarization of M2 separately, using Eq. (13) and (23) respectively. One observes that the s-dependence
of Eq. (27) cancels with Eqs. (13) or (23), resulting in cross sections independent of the total photon-hadron energy
as mentioned in Sec. I.
5 This results in sin2 θ → 1
2
in the cross section.
7III. CONSIDERED REACTIONS AND MODEL INPUTS
A. Isospin relations
Let us first point out some trivial equalities between the cross sections of various processes related by isospin
symmetry in our picture of isoscalar Pomeron exchange.
dσγ
(∗)p→ρ0ρ0p = dσγ
(∗)n→ρ0ρ0n , (28)
dσγ
(∗)p→ρ0ωp = dσγ
(∗)n→ρ0ωn , (29)
dσγ
(∗)p→ρ0pi0p = dσγ
(∗)n→ρ0pi0n , (30)
dσγ
(∗)p→ρ0ρ+n = dσγ
(∗)n→ρ0ρ−p = 2dσγ
(∗)p→ρ0ρ0p , (31)
dσγ
(∗)p→ρ0pi+n = dσγ
(∗)n→ρ0pi−p = 2dσγ
(∗)p→ρ0pi0p , (32)
while the isoscalar nature of the deuteron forbids the ρρ and ρpi channels.
Note that the ρφ channel cross section is expected to be very small, vanishing if the strange sea of the nucleon is
symmetric (see however Refs. [28, 29]).
B. Non-perturbative model inputs
We use different nucleon GPD models to determine the sensitivity of the observables to these badly known quantities.
To guide the reader, we plot in Figs. 2, 3 and 4 the vector, axial and transversity quark GPDs which enter our
amplitudes. We restrict to half of the ERBL region 0 ≤ x ≤ ξ, since the hard amplitude selects this region of
integration and the plotted charge conjugation combination of GPDs are symmetric in x (see Sec. I). We use for
the chiral-even GPDs the models VGG99 [30], GK16 [31, 32] and MMS13 [33] as available through the PARTONS
framework [34]. The difference between the models, and particularly between Ref. [33] and the other ones will be
reflected in our estimates of the cross sections (see next section). For the chiral-odd transversity GPDs, we use the
model of Ref. [8] for GPDs HT and E¯T , and three implementations discussed in Ref. [35] for GPDs H˜T and ET
(related through E¯T ≡ ET + 2H˜T ), while we take E˜T ≡ 0.
For the chiral-even vector GPDs shown in Fig. 2, we see clear differences between the isovector (u− d, which enters
in ρ production) and the isoscalar (u+ d, which enters in ω production) combinations. In the isovector case GPD E−
is significantly larger than GPD H−, but we have to remember that in the matrix elements entering the amplitude
at −t = (−t)min, GPD E is multiplied by a factor of −ξ2/(1 − ξ2) compared to GPD H; see Eq. (18). We also
notice that the MMS13 model behaves quite differently from GK16 and VGG99 for the isovector combination. In
the isoscalar case, the situation is reversed, with GPD H− clearly dominating over GPD E−; all three models show
similar x and ξ dependence. As depicted in Fig. 3, for the axial GPD H˜+ there are significant differences between the
VGG99 and GK16 models. GPD E˜+ dominates, but is again multiplied by the same ξ-dependent factor compared
to GPD H˜+ in the amplitudes; see Eq. (22). The difference between the two models at the highest value of ξ = 0.5 is
caused by the inclusion of the pion pole in the GK16 model. Finally, in Fig. 4 we compare the transversity GPDs H−T
and E−T , where for the isovector case we see that H
−
T dominates, while for the isoscalar case E
−
T does. Again GPD
ET is multiplied with the ξ-dependent factor in the amplitudes entering the cross sections; see Eq. (25). The three
implementations of the GK model yield relative differences that clearly grow with ξ.
Chiral-even and chiral-odd deuteron GPDs which are relevant for coherent exclusive electroproduction processes as
considered here, have been defined [11, 36, 37] and modeled [11, 27] in a convolution model including the dominant np
Fock state of the deuteron lightfront wave function (LFWF). In the convolution model, the parton-deuteron helicity
amplitudes are computed as a convolution of the parton-nucleon helicity amplitudes and the deuteron LFWF for
the initial and final deuteron state. Both deuteron and nucleon helicity amplitudes can be expressed as a linear
combination of their respective GPDs (the operator in the helicity amplitude selecting the chiral odd or even ones),
which allows to compute the deuteron GPDs; see Refs. [11, 27] for details. By truncating the Fock expansion of the
deuteron LFWF at the np component, Lorentz covariance is however explicitly broken. This has the drawback that
the deuteron GPDs obtained from the convolution model do not obey the polynomiality constraints and for instance
Mellin moments of these deuteron GPDs become dependent on ξ. In the results for the deuteron shown later, we use
the deuteron GPDs computed in this convolution model using the same nucleon GPD models discussed above. We use
the AV18 [38] radial S- and D-wave to construct the np component of the deuteron LFWF used in the convolution,
previous study showed little dependence on the details of the choice of deuteron wave function [11]. One kinematical
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FIG. 2. Nucleon GPD H− (left column) and E− (right column) in the ERBL region, for isovector u − d and isoscalar u + d
combinations in three different models [30–33], at momentum transfer t = tmin. Each row has a different value of ξ.
feature of the convolution that is worth recalling is that the skewness entering the nucleon GPDs in the convolution
(ξN ) is different from that of the deuteron (ξ) [27],
ξN =
ξ
αN
2 (1 + ξ)− ξ
, (33)
and depends on the active6 nucleon momentum fraction αN in the deuteron
αN =
2(pNn)
(pDn)
, (34)
with pN and pD the four-momenta of the active nucleon and the deuteron. As the deuteron LFWF is peaked at
αN ≈ 1, this means ξN ≈ 2ξ1−ξ . This difference should be kept in mind when comparing results for the deuteron and
nucleon channels. Regarding the momentum transfer squared, we have
(−t)min = 4ξ
2m2D
1− ξ2 ≈
4ξ2Nm
2
N
1− ξ2N
, (35)
6 The active nucleon denotes the nucleon for which the parton correlator matrix elements are computed in the convolution. The other
non-interacting nucleon in the deuteron is then generally referred to as the spectator nucleon.
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FIG. 3. Nucleon GPD H˜+u−d (left) and E˜
+
u−d (right) in the ERBL region calculated in two different models [30–32], at momentum
transfer t = tmin. Each row has a different value of ξ.
with mD (mN ) the deuteron (nucleon) mass. As a consequence, the actual (−t)min values for a given ξ and corre-
sponding ξN (Eq. (33)) do not differ that much between the nucleon and deuteron.
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at momentum transfer t = tmin. Each row has a different value of ξ. We consider the model of Ref. [8] and use three different
implementations for GPD ET , see text for details.
There exist many different ansa¨tze for meson distribution amplitudes. We here use only two rather extreme choices
to give some indication on the sensitivity of the observables to this choice: the asymptotic leading twist DA whose
functional form is φ‖,⊥(z) = 6z(1−z), and the form suggested by a holographic study [39–41] : φ‖,⊥(z) = 8pi
√
z(1− z),
with their respective normalizations fixed by phenomenology [42]. Other models, like the dynamical chiral symmetry
breaking model of Ref. [43], lead to intermediate predictions. There is no theoretical requirement that the same
functional form describes ρL/T , ωL,T and pi DAs, but for simplicity we show the results where all the meson DAs have
the same form.
IV. RESULTS
We present two different types of plots for the various reactions, where all of the points plotted were calculated
at −t = (−t)min. First, we show the dependence of the cross section on the virtuality of the Pomeron q 2ρ (which
corresponds to the hard scale) and the photon virtuality Q2. The dependence on q 2ρ is largely determined by the
respective factors in Eqs. (13) and (23). Second, to show the sensitivity of the cross sections on the model inputs
discussed in Sec. III, we show plots at fixed q 2ρ = 2 GeV
2, Q2 = 1 GeV2 as a function of ξ. Plots at different q 2ρ , Q
2
values show very similar results, with only the overall scale changing. All plots show calculations at a renormalization
and factorization scale of µR = µF = 1 GeV.
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Except for Sec. IV C, we do not show calculations for the cross section of the electroproduction cross section
e(pe) + h(ph)→ e′(p′e) + ρ0L(qρ) +M2(pM2) + h(p′h) , (36)
but for the (virtual) photoproduction cross sections of reaction (6). After introducing the electron fractional energy
loss
y =
(qph)
(peph)
, (37)
the two cross sections are related by [44]
dσeh
dQ2dydϕdq2ρdξd|t|
= Γv
[
dσT
dq2ρdξd|t|
+ ε
dσL
dq2ρdξd|t|
+
√
2ε(1 + ε)
dσLT
dq2ρdξd|t|
cosϕ+ ε
dσTT
dq2ρdξd|t|
cos 2ϕ
]
, (38)
where the σi are the cross sections of Eq. (27) with a specific photon density matrix [44], with σT corresponding to
the real photoproduction cross section in the Q2 → 0 limit. In Eq. (38), the flux Γv reads
Γv =
αem
4pi2
y
Q2
1
1− ε , (39)
with αem the fine-structure constant, ϕ is the azimuthal angle between the electron scattering plane and the hadronic
reaction plane, and ε is the virtual photon linear polarization parameter,
ε =
2(1− y)− 2Q2M2(seh −M2)−2y2
1 + (1− y)2 + 2Q2M2(seh −M2)−2y2 ≈
2(1− y)
1 + (1− y)2 ,
1
1− ε ≈
1 + (1− y)2
y2
, (40)
where seh = (pe+ph)
2. In a first step, one integrates over ϕ and restricts to the two first terms in the RHS of Eq. (38).
In a second step, one may study the ϕ dependence to separate the longitudinal and transverse amplitudes, especially
when the Rosenbluth method does not apply easily because of an unsufficient lever arm in ε to deduce σT and σL
from ϕ integrated measurements at different energies. In what follows, we show plots for the virtual photoproduction
cross sections σL and σT .
A. The proton target case
1. Vector meson production
The q 2ρ and Q
2 dependence of ρ0 and ω production7 are shown in Figs. 5 and 6. One observes that the σL cross
sections are slightly larger than the σT ones for all Q
2, down to small values, σL still being large at Q
2 = 0.01 GeV2.
We discuss the real photon limit in more detail in Sec. IV C. In Fig. 5, ωL-production cross sections are larger than
the ρL ones, pointing at the dominance of GPD H
−
u+d in the ωL-production case (see discussion of Fig. 2). This
situation is reversed for transverse meson production in Fig. 6 (ρT cross sections being larger than ωT ), where the
isovector H−T dominates over the isoscalar one (see Fig. 4).
7 To keep the notation light in this section, we mention only the M2 meson of the produced pair, and leave the diffractive ρ0L implicit.
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FIG. 5. q 2ρ and Q
2 dependence of the cross sections of processes with a produced pair of longitudinally polarized vector mesons
at ξ = 0.3 and −t = (−t)min. This process couples to the chiral-even vector nucleon GPDs. The GK16 model is used for the
nucleon GPDs. The upper row shows ρ0Lρ
0
L production, which is sensitive to the isovector u − d GPD. The lower row shows
ρ0LωL production, which is sensitive to the isoscalar u+ d GPD.
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FIG. 6. As Fig. 5 but for ρ0L accompanied by a transversely polarized vector meson, which couples to the chiral-odd nucleon
GPDs. We use the GK model for the nucleon GPDs complemented with the requirement that ET = E¯T .
Next, we show the different model comparisons.
• For ρ0L production, shown in Fig. 7, one observes that the GK16 and VGG99 GPD models yield similar pre-
dictions, while the cross section with the MMS13 model behaves quite differently. This reflects the relative
differences between the H−, E− inputs shown in Fig. 2. The nodes for the MMS13 cross sections can be at-
tributed to a sign change in the nucleon amplitudes in the ERBL region, which for specific ξ values yields very
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small cross sections. In all three models we see that the cross section is quite sensitive to GPD E− at the larger
ξ values. The two considered DAs also yield magnitudes of cross sections that are clearly separated, with the
holographic DA yielding larger cross sections.
• For ωL production (Fig. 8), the differences are a lot smaller. This again reflects the GPD inputs shown in Fig. 2,
which were quite similar for the isoscalar case. We see GPD E− has almost no influence on the result, with H−
completely dominating. The difference between the two DAs is similar as for the ρL case.
• Fig. 9 shows the model dependence of the ρ0T and ωT cross sections. We see that for both ρ0T and ωT the three
different implementations of the GK model are clearly separated at large ξ, showing sensitivity to the form of
E−T . As for the longitudinal vector meson production, the holographic DA yields larger cross sections. The ωT
cross sections show nodes for several model options, owing to a sign change in the ERBL region in the nucleon
amplitudes entering the convolution.
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FIG. 7. ξ dependence of the γ∗ + N → ρ0L + ρ0L + N ′ cross section for Q2 = 1 GeV2, q2ρ = 2 GeV2. This process is sensitive
to the isovector u − d combination of the chiral-even vector nucleon GPDs. We compare different GPD (rows) and DA (line
color) models, see Sec. III for details. Dashed curves only include GPD H−.
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FIG. 8. As Fig. 7 but for ρ0LωL production probing the isoscalar u+ d chiral-even vector GPDs.
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FIG. 9. ξ dependence of the γ∗ + p→ ρ0L + (ρ0T /ωT ) + p cross section for Q2 = 1 GeV2, q2ρ = 2 GeV2. This process is sensitive
to the chiral-odd nucleon GPDs. We compare different GPD and DA models, see legend and Sec. III for details.
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2. Pseudoscalar meson production
Fig. 10 shows the q 2ρ and Q
2 dependence of the pi0 production cross section, with all the features discussed for
two-vector meson production also present here. The sizes of the cross sections are similar to those of ρ0 production
but of course depend on the magnitude of the GPD model inputs. The different models predict a range of results,
as shown in Fig. 11. In the GK16 model, the effect of the pion pole in GPD E˜+ is clearly visible around ξ = 0.34,
but the jump in the curve is much more pronounced using the asymptotic DAs. GPD E˜+ clearly contributes at
larger ξ values, with especially the VGG99 results showing very little ξ dependence when including both H˜+ and E˜+.
The choice of DA parameterization yields different results, with no clear trend to be observed between the effects on
different GPD models.
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FIG. 10. q 2ρ and Q
2 dependence of the cross sections of processes with a produced ρ0Lpi
0 at ξ = 0.3 and t = tmin. This process
couples to the chiral-even axial vector nucleon GPDs. The GK16 model is used for the axial nucleon GPDs.
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FIG. 11. ξ dependence of the γ∗ + N → ρ0L + pi + N ′ cross section for Q2 = 1 GeV2, q2ρ = 2 GeV2. This process is sensitive
to the chiral-even axial vector nucleon GPDs. We compare different GPD (rows) and DA (line color) models. Dashed curves
only include GPD H˜+.
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B. The deuteron target case
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FIG. 12. q 2ρ and Q
2 dependence of the cross-section for the coherent processes on the deuteron with a produced ρ0L accompanied
by a longitudinally or transversely polarized ω meson at ξ = 0.15 and t = tmin. These processes couple to the chiral-even or
chiral-odd isoscalar deuteron GPDs. The GK model is used for the chiral-even and chiral-odd nucleon GPDs, with the added
assumption ET = E¯T for the latter. The upper row shows ωL production, which is sensitive to the chiral-even vector isoscalar
deuteron GPD. The lower row shows ωT production, which is sensitive to the chiral-odd isoscalar deuteron GPD.
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FIG. 13. ξ dependence of the γ∗ + D → ρ0L + ω + D′ coherent cross section for Q2 = 1 GeV2, q2ρ = 2 GeV2. This process is
sensitive to the chiral-even deuteron GPDs (ωL production, upper row) and chiral-odd deuteron GPDs (ωT production, lower
row). We compare different GPD and DA models (see legend and text for details).
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Fig. 12 shows the q 2ρ and Q
2 dependence of coherent ρ0Lω production on the deuteron. We remind that the ρ
0
Lρ
and ρ0Lpi channels considered for the nucleon case are not allowed because of the isoscalar nature of the deuteron.
The trends observed in the previous reactions are present again, with σL cross-sections larger than σT and a similar
q2ρ and Q
2 dependence of the curves. Comparing ω production between the deuteron and nucleon case, we see that
cross sections are smaller for the deuteron case, with the ωL channels showing a larger drop (a bit over an order of
magnitude). Comparing the different GPD model inputs in Fig. 13 we see very little dependence on the different
models. This can be partly attributed to the convolution, as a range of ξN values are picked up (see Eq. (33)). A
second reason, specific to the ωT channel, was observed in the modeling of the transverse deuteron GPDs [11]; the
deuteron transversity GPDs had little sensitivity to the implementation of the GK nucleon model (choice of ET ).
We do observe that the coherent deuteron cross sections drop faster with ξ, as can be understood by considering the
average nucleon skewness values ξN ≈ 2ξ1−ξ entering in the convolution; see Eq. (33).
C. Electroproduction
In the calculations so far we have observed large σL cross sections at the lowest shown value of Q
2 = 0.01 GeV2.
In light of this, and before we consider the quasi-real photoproduction case, we want to reassess the role of the quark
mass mq in Eqs. (15) and (20), which was consistently neglected in our formalism.
8 Fig. 14 shows both σT and σL
calculated with the quark mass reinstated and at values of a current (5 MeV) and constituent (300 MeV) quark, next
to the massless case. We see that the value of σT is stable for Q
2 < 1 GeV and that the mq = 5 MeV curve coincides
with the massless case. For mq = 300 MeV we do get a reduction of σT in the quasi-real photon limit. For σL, the
value of mq acts as a cutoff in the denominator of Eq. (14) when Q
2 is put to zero and determines where the ∝ Q
behavior of the impact factor of Eq. (14) starts to dominate. For mq = 5 MeV, we see that this happens for Q
2 values
below roughly 0.01 GeV2, while for mq = 300 MeV it occurs below 1 GeV
2. The plot shows one choice of kinematics
(ξ = 0.15, q2ρ = 4 GeV
2), channel (ρ0Lρ
0
L on the nucleon), and choice of GPD (GK16) and DA (asymptotic). Other
choices yield qualitatively similar results for this figure, with only the overall scale of the calculations changing. This
overall scale can be inferred from the previous figures.
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FIG. 14. ρ0Lρ
0
L photoproduction cross sections σL and σT as a function of Q
2 and for different values of the quark mass
mq. Solid (dashed, dot-dashed) curves correspond to mq = 0 (5, 300) MeV. Calculations are performed with GK16 chiral even
GPDs, the asymptotic meson DAs and for ξ = 0.4 and q2ρ = 4 GeV
2.
8 Let us stress that all integrals are convergent when putting this quark mass to zero.
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L electroproduction cross section on the nucleon as a function of y and Q
2, with the GK16 chiral even GPDs,
the asymptotic DA and for ξ = 0.15 and q2ρ = 4 GeV
2.
To provide an estimate of the size of the electroproduction rates of our processes we show two results. In Fig. 15,
which shows the fully differential electroproduction cross section of Eq. (38) (integrated over ϕ) for one characteristic
kinematics, using the calculations with no quark mass. Therefore, we limit the Q2 to a lower limit of 0.01 GeV2. For
the quasi-real photoproduction rates, we can use the improved Weizsa¨cker-Williams approximation [45–47] and write
dσeh
dq2ρdξd|t|
(Q2max, y1, y2) =
∫ y2
y1
dy
α
2pi
2m2ey( 1Q2max − 1− ym2ey2
)
+
(
(1− y)2 + 1) ln Q2max(1−y)m2ey2
y
 dσT
dq2ρdξd|t|
(Q2 = 0) ,
(41)
where me is the electron mass and σT is independent of y as it is independent of s (see Sec. I). Note however that since
we observed that σL was not negligible down to rather small values of Q
2, the experiment must be able to integrate
over Q2 with Q2max ≈ 10−2 or 10−5 GeV2 (depending on the quark mass used) if we want the WW formula to be
useful. For integration limits y1 = 0.1, y2 = 1.0 in Eq. (41) this yields
dσeh
dq2ρdξd|t| = 0.0235 nb/GeV
−4
, for Q2max = 10
−2 GeV2 ,
dσeh
dq2ρdξd|t| = 0.00965 nb/GeV
−4
, for Q2max = 10
−5 GeV2 . (42)
V. CONCLUSIONS
This leading order analysis of the diffractive electroproduction of two mesons separated by a large rapidity gap has
been demonstrated to be a promising way to access nucleon and deuteron GPDs at EIC with a particular emphasis
on some very bad known features of these non-perturbative objects. Both the chiral-even and chiral-odd GPDs are
entering the amplitude at the leading twist level, their contributions being well separated in an angular analysis of
the pipi (or pipipi) decay products of the ρ (or ω) produced in the subprocess Ph→ VL,Th′. Moreover, the amplitudes
have been shown to depend only on the ERBL region of the GPDs, which makes them particularly sensitive to yet
unconstrained features of GPD models. In our calculations using existing GPD parameterizations, we observed several
channels where the different models could be clearly separated. We mention the most striking examples, with the
MMS13 model producing very different ρ0Lρ
0
L cross sections compared to GK16 and VGG99, and the transversity
GPD models yielding ρ0Lρ
0
T and ρ
0
LωT cross sections that are clearly separated at large ξ. Similarly the two different
DA choices yielded cross sections that differed up to a factor of ≈ 5.
Other channels not considered here may be interesting too. For instance the ρ0Lη production amplitude is sensitive
to the axial gluon GPDs in the proton or deuteron, which are very poorly constrained by other channels. The ρ0Lφ
production amplitude depends mostly of the asymmetry of the strange sea in the target, which is known to be small
but nevertheless does not need to vanish. We leave these topics for future studies.
Needless to say, this leading order and leading twist study should be enlarged to include next to leading order
effects, in the non-forward γ∗ρ impact factor and Pomeron propagator using Balitsky-Fadin-Kuraev-Lipatov (BFKL)
[48–50] techniques, and in the hard subprocess Ph→M2h′ using collinear factorization techniques. While the BFKL
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corrections are already known for a closely related process [51, 52], leading to quite large an enhancement of the
scattering amplitudes, a complete calculation dedicated to the process studied here needs a particular effort to be
dealt with. This will take time and manpower, but should be feasible before the EIC construction is completed.
To be able to adequately measure this process, the EIC should be equipped with suitable forward detectors, which
can measure the scattered nucleon or coherent deuteron down to low −t ≈ (−t)min values. This is especially crucial
for the coherent deuteron scattering where similar momentum transfers perpendicular to the beam as for a nucleon
correspond to smaller scattering angles due to the higher momenta of the ions in the beam.
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